There is growing evidence that disadvantageous influences of the apolipoprotein E4 allele in the central nervous system are modified by environmental and dietary conditions. The present study investigated the gene-environment interaction of apolipoprotein E4 with homocysteine serum levels in patients with alcohol dependence with regard to alcohol-related hippocampal volume loss using volumetric high-resolution magnetic resonance imaging. We included 52 patients with alcohol-dependence. ApoE genotypes, homocysteine serum levels and hippocampal volumes were determined. We found a significant impact of homocysteine (F ¼ 13.2; df ¼ 1; Po0.001; 1Àb ¼ 0.95), not for ApoE4 genotype (F ¼ 0.482; df ¼ 1; P ¼ 0.49; 1Àb ¼ 0.05) on hippocampal volume. There was a significant interaction between both factors (ApoE4 Â Hcy; F ¼ 8.8; df ¼ 1; P ¼ 0.005; 1Àb ¼ 0.80). The ApoE4 allele constitutes a risk factor for hippocampal volume loss in patients with alcohol dependence under the conditions of hyperhomocysteinemia. We suggest that the disadvantageous effects of apolipoprotein E4 on alcohol-related brain volume loss are based on certain gene-environment interactions.
Introduction
Neurodegenerative and neuroregenerative processes in the human central nervous system and their underlying pathophysiological mechanisms including genetic, environmental or dietary influencing factors have been the subject of recent research.
The apolipoprotein E gene (ApoE gene) and its alleles (ApoE2, ApoE3, ApoE4) show specific influences on metabolism, growth, degenerative and regenerative processes in nerve tissue and are involved in the development of certain pathological conditions. Clinical studies suggest that the ApoE4 gene variant constitutes a major susceptibility factor for the development of the familial 'late onset ' 1,2 and sporadic form [3] [4] [5] of Alzheimer's disease (AD) as well as for the socalled tauopathy group of diseases. 6, 7 Moreover, the ApoE4 allele predicts a poor outcome after both intracerebral haemmorrhage 8 and traumatic brain injury.
Several recent studies investigated the role of the ApoE gene variants in neurodegenerative diseases in different racial and ethnic groups with remarkable findings. There is evidence that the detrimental effects of the ApoE4 allele are influenced or even determined by the predominating environmental and dietary conditions. [10] [11] [12] [13] [14] Chronic alcoholism leads to global brain atrophy with typical points of predilection for neurotoxic effects. 15 However, the precise interplay of mechanisms underlying alcohol-related brain tissue changes have not fully been explained up to now. Besides thiamine deficiency, 16 a direct ethanol-specific neurotoxicity, in particular alcohol-induced disturbances in the glutamate transmitter system, have been discussed. 17, 18 Most recently, hippocampal atrophy in female patients with alcoholism has been associated with the apolipoprotein E4 genotype 19 and, moreover, with elevated homocysteine serum levels. 20 Homocysteine is an excitatory amino acid that activates the N-methyl-D-aspartate receptor. Its plasma levels are elevated in actively drinking alcoholics as well as in early abstinent patients. 21, 22 It has been associated with alcohol-withdrawal symptoms such as seizures 23, 24 and short-term cognition deficits. 25 The apolipoprotein E4 gene variant might be a susceptibility factor for neurodegenerative processes influenced by the predominating dietary and environmental conditions. Therefore, the aim of the present study was to investigate the gene-environment interaction of apolipoprotein E4 with homocysteine serum levels in patients with alcohol dependence with respect to alcohol-related hippocampal volume loss using high-resolution magnetic resonance (MR) imaging.
Results
The demographic characteristics of the study population are presented in Table 1 . We applied a two-way analysis of variance (ANOVA) with total hippocampal volume as dependent variable and presence or absence of the ApoE4 allele (ApoE4 þ /ApoE4À) and presence or absence of hyperhomocysteinemia (Hcyo15 mmol/l / HcyX15 mmol/l) as fixed factors. We found a significant impact of homocysteine on hippocampal volume (F ¼ 13.2; df ¼ 1; Po0.001; 1Àb ¼ 0.95). In the ANOVA model, presence or absence of the ApoE4 allele had no impact on hippocampal volume (F ¼ 0.482; df ¼ 1; P ¼ 0.49; 1Àb ¼ 0.05). There was a significant interaction between both factors (ApoE4 Â Hcy; F ¼ 8.8; df ¼ 1; P ¼ 0.005; 1Àb ¼ 0.80) showing that patients with ApoE4 allele had larger hippocampal volumes than patients without the ApoE4 allele when homocysteine serum levels were below 15 mmol/l, but had significantly smaller hippocampal volumes when hyperhomocysteinemia was present ( Figure  1 , statistical data of the all pairwise multiple comparisons are given in Table 2 ). To control for a possible impact of gender, age, body mass index (BMI) and lifetime drinking, we analyzed the data using these variables as covariates in the general linear model (GLM). Only Hcy and the ApoE4 Â Hcy interaction had a significant impact on total hippocampal volume (Hcy; F ¼ 7.87; df ¼ 1; P ¼ 0.007; ApoE4 Â Hcy; F ¼ 4.4; df ¼ 1; P ¼ 0.042).
Discussion
Despite some discrepancies among previous investigations, there grew general agreement that the apolipoprotein E4 allele has to be regarded as an important risk factor for various neurodegenerative diseases as well as for a reduced capacity for neuronal regeneration.
Several recent studies also focused on the apolipoprotein E polymorphism in populations belonging to different human groups and concluded that the ApoE4 gene might not be a susceptibility gene in all racial and ethnic groups. [10] [11] [12] The ApoE4 allele is considered to be the ancestral allele 26, 27 and its frequency is highest in developing countries where nutritional deficits are or have until recently been a major problem. 28 Interestingly, the association between the apolipoprotein E4 genotype and AD was not found in Nigerians or East Africans, 13, 14 but it is present in African Americans but still weaker than in whites. 11, 29 These findings may lead to the conclusion that carrying the apolipoprotein E4 genotype may only be of disadvantage under special environmental or dietary conditions. Regarding its distribution among different racial and ethnic groups, it has been suggested that the ApoE4 gene variant might be considered as a 'thrifty' allele whose exposure to predominating environmental conditions (western dietary factors, longer lifespans) transforms it into a susceptibility allele. 28 Our findings are in line with recent investigations proposing that the disadvantageous effects of apolipoprotein E4 in the human central nervous system depend on certain gene-environment interactions. In our study, we demonstrated that the ApoE4 allele transfers into a risk factor for hippocampal volume loss in patients with alcohol dependence only under the conditions of hyperhomocysteinemia. Serum levels of homocysteine are influenced by dietary factors, especially vitamin B and folate status. In the absence of hyperhomocysteinemia, we even found a significantly higher hippocampal volume in patients carrying the ApoE4 allele even though ApoE4-positive patients had a significantly longer course of their disease (years of drinking, Table 1 ). Therefore, our findings shed a new light on the previously reported association of ApoE4 genotype with hippocampal volume reduction in females with alcoholism, 19 as homocysteine serum levels were not considered in that analysis. Furthermore, in our advanced analysis, gender did not significantly influence the present results.
The importance of the investigated gene-environment interaction is further supported by a recent study showing that the association of homocysteine with the risk of occurrence of AD was aggravated by the presence of ApoE4 alleles. 30 However, it might be premature to propose a protective effect of the ApoE4 allele under balanced dietary conditions. The sample size of 52 patients and consequently the relatively small group sizes of ApoE4-positive and -negative patients with absence or presence of hyperhomocysteinemia have to be regarded as a limitation of the investigation. Therefore, further studies are needed to elucidate the complex interaction of the apolipoprotein E polymorphism with environmental and dietary factors and its impact on neurodegenerative processes in the central nervous system.
Materials and methods
We present an advanced analysis of a previously reported open and controlled investigation including 52 patients with alcohol dependence (aged 29-67 years; 34 males, 18 females). 19, 20 The investigation was approved by the local Ethics Committee. All participants were actively drinking patients, had an established diagnosis of alcohol dependence according to the Diagnostic and Statistical Manual for Mental Disorders (DSM-IV) with a history of alcohol consumption ranging from 7 to 30 years (mean: 13.1 years). Sociodemographic and personal data for statistical analyses and for establishing the diagnosis of alcohol-dependence were obtained in a standardized self-structured interview according to Wetterling et al. 31 The interview was uniformly conducted during the whole study period. All patients were detoxified in the same detoxification unit, had stopped drinking right before admission and were taking no drugs before being enrolled in the study. Patients who showed signs of dementia (i.e. Korsakoff disease), patients with any other known illness possibly leading to neurodegeneration or brain volume loss and patients with any other substance abuse other than nicotine-dependence (positive urinary drug screen) or BMI less than 17.5 (diagnosis of anorexia) were not included into the study. Patients with a history of repeated withdrawal episodes (43) and/or previous withdrawal seizures were also excluded from the investigation to avoid confounding effects of repeated withdrawals on brain volume. All patients were right-handed and underwent magnetic resonance imaging (MRI) within 10 days after admission.
Statistical Analysis
We applied two-way ANOVA with a GLM to estimate the impact of ApoE genotype and homocysteine serum levels on hippocampal volume and to check for a possible interaction of both factors. We dichotomized both factors defining ApoE4 þ /À as presence or absence of at least one ApoE4 allele and Hcyo/X15 mmol/l as absence or presence of hyperhomocysteinemia according to Bjelland et al. 32 This categorization of normal homocysteine levels versus elevated homocysteine levels is common and proved to be useful in recent investigations. 33 Multiple pairwise comparisons were conducted post hoc using Bonferroni's t-test. Power calculations were performed to further describe the results. For all statistical tests, we applied a significance level of a ¼ 0.05 and 1Àb ¼ 0.80. All statistical analyses were performed using the statistical software packages SigmaStat 2.03 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism4 (GraphPad Software Inc., San Diego, CA, USA).
ApoE genotyping and measurement of homocysteine levels Peripheral blood was collected from the participants, and leukocyte DNA was extracted for genotyping according to a routine method and measurement (Genomix DNA extraction kit). Genotyping was performed by polymerase chain reaction-restriction fragment length polymorphism using established methods. 34 Plasma homocysteine was determined by high-performance liquid chromatography 35 using a Bio-Rad kit (Bio-Rad, Munich, Germany).
MRI volumetry
MRI were performed using a superconducting magnet at field strength of 1.5 T. (1.5 Tesla Gyroscan ACS NT, Philips, Germany). The T1-weighted coronal images (FFE-sequence) were acquired by means of a 256 Â 256 matrix with a repetition time of 24 ms and an echo time of 6 ms. Data were visualized using 'Volume-Presentation-Software' on the EasyVision Work Station.
As described before, 19,20 measurement of hippocampal volumes was performed according to Agartz et al. 36 to make the imaging studies maximally comparable. We decided to measure hippocampal volumes since it has been observed that hippocampal volume reduction in patients with alcohol-dependence is proportional to the reduction of the total volume of the brain. Therefore, the coronal sections of the hippocampus were reformatted to a series of 1.3-mmthick sagittal sections by means of a cubic spline interpolation. The reformatted sagittal sections were contiguous. The three-dimensional reconstruction was obtained by isosurface rendering. In the sagittal sections, the hippocampus was outlined manually. The number of sections used to complete each hemisphere was 17 (14) (15) (16) (17) (18) (19) . Two operators independently measured the hippocampus in all cases. The intraclass correlation was determined for the right (r ¼ 0.79) and the left (r ¼ 0.86) hippocampal volumes. In addition, the interrater intraclass correlation coefficients (operator 1 respectively operator 2) were determined for the right 
